Repeated inhalationofsiLca dt can lead to hlammatlonam fibrosin hun iun and ineperimtal anial mods. The alveolar macrophage is believed to play a pivotal role in this process. Numerous macrophage-derived growth factors, cytokines, and arachidonic acid metabolites have been shown to contribute to inflammation and fibrosis. The objective of this study was to determine the eicosanoid production by human alveolar macrophages in response to silica exposure in vitro andtoassess the contribution ofalveolar macrophagestosilica-induced fibrosis and in tion. Macrophages were obtained from healthy volunteers and were incubated for 3 or 24 hr in the presence ofsilica (100, 60, andO Ag/mL).
Introduction
Airway inflammation and fibrosis are common features ofprolonged exposure to mineral particles such as silica in humans and rodents (1) . Silicosis is a chronic inflammatory and fibrotic lung disease caused by the inhalation of various forms of crystalline silica (silicon dioxide, SiO2). Although much has been published about the pathogenesis of silicosis (1), the exact mechanism by which these particles can induce inflammatory and fibrogenic lung disease remains unclear. Increasing evidence suggests that alveolar macrophages (AM) play a key role in the onset and development of inflammatory and fibrogenic lung disease through their ability to release potent inflammatory and fibrogenic mediators, including various cytokines such as interleukin-l (IL-1) and tumor necrosis factor (TNF). In addition, activated human AM have been shown to secrete growth factors capable of inducing fibroblast proliferation in vitro (2) .
Another class of substances produced by AM and which is closely associated with the inflammatory response is composed ofarachidonic acid (AA) metabolites or eicosanoids (3) . Some of these metabolites possess potent proinflammatory and/or cellular regulatory activities (3) . Prostaglandin E2 (PGE2), for instance, is known to inhibit fibroblast proliferationin vitro (4, 5) and to augment neutrophil influx into the lung in response to complement fragments in vivo (6) . Leukotriene B4 (LTB4) and hydroxyeicosatetraenoic acid (HETE) have also been associated with neutrophil chemotaxis at inflammatory sites including the lung (3) . Specifically, in the context offibrosis, LT4 has also been shown to increase IL-1 production by human monocytes (7) . Moreover, lipoxygenase products such as LTB4 and leukotriene C4 (LTIC4) were shown to promote fibroblast proliferation in vitro (8) . It is possible, therefore, that eicosanoids play an important role through their direct proinflammatory and fibroblast growth regulatory properties in silica-induced lung fibrosis.
In the present study we investigated the cyclooxygenase and the lipoxygenase products (eicosanoids) produced by human AM, obtained by bronchoalveolar lavage (BAL), in response to silica exposure in vitro as a way to assess the contribution of AM to silica-induced pulmonary inflammation and fibrosis. The results suggest that a 3-hr exposure to silica caused a substantial release ofleukotrienes B4 (LTB4), peptide leukotrienes C4, D4, and E4 (LTC4, LTD4, LTE4), and 5-HETE. Furthermore, there was a decrease in and thromboxane production by AM after 24 hr ofexposure to silica. The pattern of eicosanoid production was different from that seen after lipopolysaccharide stimulation, indicating that the response to silica is not merely due to cellular activation.
Materials and Methods

Preparation of Alveolar Macrophage Cultures
Healthy, nonsmoking male volunteers 18-35 years of age served as subjects for this study. Criteria used for selection of subjects were described earlier (9) .
BAL was performed as previously described in detail (9 and AM were then incubated with media alone, lipopolysaccharide (1 /mL), or silica particles (100 ,ug/mL) for 3 or 24 hr. The media was removed, the supernatants deproteinated with cold ethanol (80% v/v final concentration), the media and ethanol were then removed by rotary evaporation, and the products redissolved in 30% methanol (<80% recovery of tested eicosanoids). 3H-AA metabolites were separated using a reversephase method using a gradient from 58 to 100% methanol over 100 min at a flow rate of 1.1 mL/min (10, 11) . Eluting radioactivity was monitored using a flow-through radioactivity detector (Radiomatic Instruments, Tampa, FL).
Measurements of Eicosanoids by Radioimmunoassay in Supernatants of Alveolar Macrophage Cultures
To determine the concentrations of individual eicosanoids, AM cultures in 24-well dishes were exposed to various stimuli for 3 or 24 hr and the supematants from the different cultures collected and assayed by radioimmunoassay (RIA).
PGE2 was analyzed using kits perchased from New England Nuclear using 12 I-PGE2 tracer. All other RIA kits were purchased from Advanced Magnetics (Cambridge, MA) and used as tritiated tracer compound. The LTC4 antibody had 64% and 64% cross-reactvity with LTD4 and LTE4, respectively. All other antibodies had < 3 % cross-reactivity with other eicosanoids.
Statistical Analysis
The primary hypothesis to be tested was that exposure of AM to silica in vitro results in a change in the production of AA metabolites, which could potentially be involved in the fibrogenic/inflammatory response to silica in vivo. The experimental design was to divide each subject's cells into two parts, one that would be incubated with medium alone, and one that would be incubated with silica. The design required that a paired t-test be done on the data with the measurements on control and silica exposures from each subject making up each pair. The loglo transformation was applied to the data before doing the t-test. Statistical significance was considered at p <0.05. Data are reported as means ± SEM or + SD. The data are based on six experiments (n = 6) performed with cells from six different individuals.
Results
Cytotoxic Effects of Silica to Alveolar Macrophages
To test the potential toxic effect of silica on AM, cultures of AM were incubated with a range of concentrations of silica (0, 4, 12, 37, 111, 333, 1000 ,ug/mL) for 18 hr. The viability of these cultures was then determined by the trypan blue dye exclusion test. As shown in Figure 1 , silica concentrations between 4 and 111 W/mL did not have a marked effect on the viability ofthe cells when compared to cells incubated without silica. In contrast, higher silica concentrations (333 and 1000 jig/mL) caused significant loss of viability, reaching 85 % death at the highest concentration (p< 0.05). These results were confirmed by doing an independent series of experiments using the propidium iodide stain (data not shown). In subsequent experiments, therefore, only the nontoxic levels of silica were used.
HPLC Analysis of Arachidonic Acid Metabolites
Produced by Silica-Exposed Alveolar Macrophages Changes in the total spectrum of AA metabolites were assayed by HPLC. HPLC analyses ofthe 3H-AA metabolites formed by human AM incubated with various stimuli for 3 hr are shown in Figure 2 . AM incubated with media alone (Fig. 2A) released relatively small amounts of 3H-AA metabolites into the media, mostly 3H-HETEs, with free 3H-AA being the major product released. In contrast, AM incubated with lipopolysaccharide at 1 pg/mL (Fig. 2B) , a known stimulator of AA metabolism in human AM (12) , caused the release ofdetectable amounts ofthe cyclooxygenase products 3H-thromboxane B2 and PGE2 as the predominant product released by lipopolysaccharide-stimulated AM. AM that were incubated with silica particles at a concentration of 100 jig/mL (Fig. 2C ) for 3 hr produced detectable amounts of 3H-thromboxane B2, 3H-PGE/D2, 3H-A, 3H-LTD4, 3H-LTE4, 3H-HETEs, and 3H-AA. Additionally, two large peaks that eluted after 3H-AA tentatively identified as possible elongated products of arachidonic acid (e.g., C22 and C26 fatty acids) were also detected.
Chromatograms of AM incubated for 24 hr with the same agents at the same concentrations are shown in Figure 3 . Control cultures (Fig. 3A) produced a similar pattern of products as seen at 3 hr, with 3H-AA being the predominant product produced. AM incubated with lipopolysaccharide (Fig. 3B) To specifically quantify various AA metabolites, AM cultures were either cultured with medium alone or in the presence of silica for 3 or24 hr and metabolites measured by RIA. The selection ofeicosanoids to be assayed by RIA was based on the HPLC findings (Figs. 2 and 3) .
LTB4, mainly associated with chemotactic activity for neutrophils, was elevated in the 3-hr silica-exposed cultures in a dosedependent manner, reaching a statistically significant level (p< 0.05) at 60 and 100 &g/mL (Fig. 4) . In contrast, the 24-hr cultures were not statistically different from control (data not shown). LU4, similar to LTB4, was significantly elevated in response to a 3-hr exposure to silica at 100 and 60 jsg/mL ( after stimulation with 100 and 60 jkg/mL silica but not at 10 jdmL. Interestingly, though, the control levels of5-HETE after 24 hr dropped <10-foldcomparedto the 3-hrtimepoint (Fig. 6) . Tlwo metabolites ofthe 12-or 15-lipoxygenase pathway, namely, 12-HETE and 15-HETE, have also been detected by RIA with similar patterns to those found by HPLC (Figs. 2 and 3) . levels were not changed with any other silica concentrations used after 3 hr but did show a significant decrease below the control level after 24 hr of exposure to silica at 100 and 60 lLg/mL (Fig.   7 ). PGE2 levels were unchanged after a 3-hr exposure to silica but were significantly depressed compared to control at the 100 and 60 ytg/mL concentrations after 24-hr exposure (Fig. 8) .
Discussion
Fibrosis is a prominent feature of advanced silicosis. The macrophage has been implicated as the cause ofthe fibrosis that accompanies silicosis. Normal animal macrophages exposed to silica in vitro have a variable effect on fibroblast function, apparently quite dependent on the culture conditions established (6, 13) . Many chemical messengers are probably involved in the complex cellular events that lead to fibrosis, and factors such as interferons, interleukins, fibronectin, and macrophage-derived growth factors are thought to be important (14) . AA metabolites, PGE2 and LTB4, are potent proinflammatory and /or cellular regulatory modulators (15) . The AM is a rich source ofmany of these eicosanoids, yet the role ofthese compounds in mediating pulmonary inflammation and fibrosis has only recently begun to be investigated.
In our initial studies we established the range of silica concentrations that would not cause death ofthe cells. The data showed that concentrations exceeding 100 14g/mL of silica were clearly cytotoxic to human AM in vitro. The cytotoxic effect of silica has been thought to be a major component in the development of fibrosis (16) . It seems, however, that the response of AM to the ingestion of silica in a nontoxic range is dose dependent. Therefore, the results reported here represent biological responses to silica at nontoxic concentrations of silica. The HPLC analysis ofsupernatants collected from human AM stimulated with silica (at 100 ,ug/mL) revealed a broad spectrum of eicosanoids produced after 3 hr of exposure, with lesser amounts of the cyclooxygenase metabolites and an increased amount of some lipoxygenase products seen at the later time point (24 hr). The levels of the AA metabolites were increased in the silica-exposed cultures compared to the controls and were distinct from those obtained by stimulation with lipopolysaccharide (1 pg/mL), which is known to be a potent stimulator of eicosanoids in macrophages (17) . The unique products released by exposure ofAM to silica, thought to be elongated products of AA (C22-C26), have not been thoroughly characterized as far as their possible biological functions.
In agreement with the HPLC analysis, RIA demonstrated increased levels ot LTB4 after 3 hr of silica exposure. This finding also correlates agreement with a previous study using human AM (17) and recent studies using rat (18) and bovine (14) AM. LTB4 has previously been shown to be chemotactic fbr leukocytes (19, 20) . In addition, LTB4 has been shown to enhance the release of TNF, which can promote fibroblast growth (18, 21) , and modulate other cytokines such as IL-1, which may also be involved in the fibrotic process (8, 22 (23) , and LTC4 has been suggested to be involved in the regulation of fibroblast growth (8) . Two other lipoxygenase products, 12-and 15-HETE, were not affected by the exposure ofthe AM to silica.
The increased production of 5-lipoxygenase products, i.e., LTC4/D4/E4 LTB4, and 5-HETE, in response to silica exposure in vitro suggests a specific stimulation ofthis enzyme's activity, as 12-and 15-lipoxygenase products were not increased. Interestingly, PGE2 and thromboxane B2, two metabolites of the cyclooxygenase pathway, were downregulated by silica after 24 hr and were not changed at the earlier time point. The PGE2 production in response to silica described here agrees well with the findings of Brown et al. (2) using cytotoxic levels of silica (1000 ytg/mL) for a duration of 24 hr. PGE2 has been shown to turn off the secretion of various AM-derived cytokines (e.g., TNF and IL-l) involved in fibrosis (17, 22) . The potential relevance of thromboxane B2 to fibroblast proliferation is currently unknown. The decrease in two cyclooxygenase products in response to silica suggests a decrease in cyclooxygenase activity in silica-exposed cells.
Taken together, the data suggest that those AA products that enhance fibroblast growth and inflammation (i.e., lipoxygenase metabolites) are increased in response to stimulation ofAM with silica, whereas those products associated with suppression of fibroblast growth (e.g., PGE2) are decreased. Thus, the ability of silica to modulate AM-derived eicosanoids suggests that eicosanoids may play a role in inflammation and fibrosis associated with inhalation of silica.
Further research needs to be performed to further elucidate the mechanisms responsible for the changes in the enzymatic activities of the eicosanoid cascade. Work is currently in progress to determine possible changes in the levels ofvarious cytokines at the protein and mRNA levels that may contribute to the overall mechanism responsible for silica-induced fibrosis.
